ictyostelium discoideum is a good model of autophagy. However, the lack of autophagic flux techniques hinders the assessment of new mutants or drugs. One of these techniques, which has been used successfully in yeast and mammalian cells, but has not yet been described in Dictyostelium, is based on the presence of proteolytic fragments derived from autophagic degradation of expressed fusion proteins. Lysosomotropic agents such as NH 4 Cl penetrate acidic compartments and raise their pH, thus allowing the accumulation and measurement of these cleaved fragments, which otherwise would be rapidly degraded. We have used this property to detect the presence of free GFP fragments derived from the fusion protein GFP-Tkt-1, a cytosolic marker. We demonstrate that this proteolytic event is dependent on autophagy and can be used to detect differences in the level of autophagic flux among different mutant strains. Moreover, treatment with NH 4 Cl also facilitates the assessment of autophagic flux by confocal microscopy using the marker RFP-GFP-Atg8.
Introduction
Macroautophagy (hereafter referred to as autophagy) is a very dynamic process comprising different stages from the induction, expansion and completion of a double-membrane autophagosome, to the fusion of this vesicle with lysosomes and subsequent degradation and recycling of its cargo. The experimental observation of this complex process is difficult and most techniques only give snapshots of A proteolytic cleavage assay to monitor autophagy in Dictyostelium discoideum Javier Calvo-Garrido, Sergio Carilla-Latorre, Ana Mesquita and Ricardo Escalante* Instituto de Investigaciones Biomédicas "Alberto Sols"; Consejo Superior de Investigaciones Científicas/Universidad Autónoma de Madrid; Madrid, Spain specific steps. For example in mammalian cells, the number of puncta revealed by the classical marker GFP-Atg8 strictly reflects the steady-state levels of early autophagosomes. An increase in the number of puncta can be either the consequence of an induction of autophagy or it can be due to inhibition of later steps of maturation. Therefore, this assay is insufficient to determine the stage at which autophagy is actually affected. It is important to determine autophagic flux for a given cargo until its degradation in order to have a more accurate picture of the entire process. 1 Although most of our current knowledge about autophagy derives from the popular simple model Saccharomyces cerevisiae, development of autophagy techniques in other alternative experimental models such as zebrafish 2 or Magnaporthe 3 will make it possible to address new aspects of this important process. Dictyostelium discoideum has some advantages in the study of autophagy including the presence of several conserved autophagy genes, which are absent in S. cerevisiae. 4 Despite this potentiality, techniques to monitor autophagy in Dictyostelium are rather limited and a simple assay to measure autophagic flux has not been available.
The accumulation of free GFP fragments derived from autophagic degradation of GFP fusion proteins has become a useful technique to monitor autophagic flux in several systems, including yeast and mammalian cells. 5, 6 These free GFP fragments can be detected because of their relative resistance to proteolytic degradation in the lysosome. 7 A recent report highlights the importance of lysosomal ©2 0 1 1 L a n d e s B i o s c i e n c e .
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using the cleavage of a cytosolic marker fused to GFP, but certainly a variety of other experimental set-ups based on this property could be further optimized for specific purposes. With these autophagic flux techniques now within reach, Dictyostelium as a model in autophagy studies will be further strengthened.
Materials
Strains and culture media. The strains used in this study were derived from the DH1 (WT, atg5 -, atg6 -, atg7 -and atg8 -) and obtained from the DictyStock Center (kindly deposited by Grant Otto 10, 11 ) and AX4 (WT and vmp1 -) strains. Transfections were performed as previously described in reference 16.
The media used for growth was HL5 (Formedium; HLB0102) and PDF was used for starvation (20 mM KCl, 9 mM K 2 HPO 4 , 13 mM KH 2 PO 4 , 1 mM CaCl 2 , 1 mM MgSO 4 , pH 6.4). Six-well plates were from Becton Dickinson (353046) and P35 plates were from Ibidi (80136).
Chemicals and antibodies. DAPI was from Sigma (D95421). A stock solution (1,000X) was prepared in dimethylformamide at 1 mg/ml. G418 was from Gibco (11811-023). A stock solution was prepared in water at 50 mg/ml. Blasticidin (BS) was from Calbiochem (203350). A stock solution was prepared in water at 10 mg/ml. used as a tool to monitor autophagic flux in other systems. It is well known that RFP fluorescence is more resistant to the acidic and protease-rich conditions of the lysosome, whereas GFP fluorescence is rapidly quenched. 15 Therefore, the red-green puncta label early autophagosomes, and the presence of red puncta that lack the green fluorescence (red/not-green) is indicative of the fusion event of autophagosomes with lysosomes. Dictyostelium cells expressing this marker showed a clear increase in the number of cells with red/not-green puncta upon NH 4 Cl treatment, further confirming the usefulness of this approach (Fig. 2) . The lack of autophagy in the atg1 -mutant results in the absence of red/not-green puncta even during NH 4 Cl treatment, and the formation of huge red-green aggregates, confirming our previous results. 12 Interestingly, we have found a high level of cleaved GFP during growth in axenic media (HL5), suggesting a high level of basal autophagy in Dictyostelium. These results are consistent with other observations such as the presence of GFP-Atg8, 12 and RFP-GFP-Atg8 puncta (in this study) in HL5 and the slow growth phenotype observed in atg1 -and vmp1 -mutants. [10] [11] [12] In conclusion, we have observed that slowing down the autophagy process is necessary to reveal autophagic flux in Dictyostelium. We show here the specific experimental conditions to measure nonselective bulk autophagy in Dictyostelium pH as a critical factor in the formation of these fragments from GFP-LC3 degradation in mammalian cells. 6 In certain cell types, the level of free GFP fragments is only detectable in the presence of nonsaturating levels of lysosomal inhibitors or under conditions attenuating lysosomal acidity. Since the yeast vacuolar pH is higher than that of mammalian lysosomes (6.2 and 4.7, respectively), even low levels of free GFP fragments are detectable in yeast without the necessity of using lysosomotropic compounds. 5 Remarkably, the lysosomal pH in Dictyostelium is extremely acidic (pH < 3.5). 8 Thus, the lack of detectable free GFP fragments in this system could be the result of this highly acidic environment that rapidly degrades cargo proteins. The use of the lysosomotropic compound NH 4 Cl has been previously described to increase lysosomal pH in Dictyostelium. 8, 9 Using this compound, we have optimized the conditions to monitor the proteolytic cleavage of the GFP protein fused to cytosolic markers (Fig. 1) 12 in which, as expected, the level of cleaved GFP is reduced or absent. Conversely, midA -, 13 a strain in which the mitochondrial AMPK is overactive, 14 showed increased basal autophagy (Fig. 1) .
The autophagy marker RFP-GFPAtg8 (or RFP-GFP-LC3) has also been In the right part, higher concentrations were tested in DH1 cells (0, 50, 100, 250, 500 mM). the concentration range 0, 50, 100, 150, 250 mM is considered appropriate to cover unsaturated and saturated concentrations, 100 mM being the optimal. (c-E) the presence of the free-cleaved GFP fragment is dependent on autophagy. Different autophagy mutants (atg5 -, atg6 -, atg7 -and atg8 -, whose background parental strain is DH1) were used in comparison with DH1 using concentrations of NH 4 cl ranging from 0-250 mM in PDF (0, 100, 250 mM in c; 0, 50, 100, 250 mM in D); 0, 100, 150, 250 mM in (E). the cleaved GFP fragment is largely reduced or absent in all saturated or nonsaturated concentrations. (F) AX4 and DH1 wild-type strains show a high basal autophagic flux during growth (HL5) and starvation (PDF). In these experiments, the concentration of NH 4 cl was 0, 50, 100 and 250 mM (left part) and 0, 100, 250, 400 mM (right part). (G) Autophagy dependency of the cleaved GFP fragment in the AX4 background. A different autophagy mutant (vmp1 -) whose parental strain is AX4 was also tested after incubation with different concentrations of NH 4 cl in HL5 for 4 h (0, 100, 250 mM in the wild type, and 100, 250 mM in the mutant). It should be noted that in this case the expression level of the construct was lower in the mutant and thus, the amount of protein loaded in the gel was 5 times higher than that of the wild type, and the protein gel blot was exposed longer. the difference in the expression level was calculated by densitometry in a previous protein gel blot. In any case, no specific signal was detected in the vmp1 -mutant. (H) In order to test if this technique can be used to detect higher levels of autophagy, a mutant strain defective in a mitochondrial protein, MidA, was used. AX4 wild-type and mutant strains were treated in HL5 with 0, 50, 100, 250 mM NH 4 cl. Western blot analysis revealed an increase in the level of the cleaved-GFP at 100 mM. An example of quantification by densitometry is shown on the right, where the ratio between the complete GFP-tkt-1 and the cleaved GFP was calculated using the software ImageJ. All the experiments shown here are representative of at least three independent experiments.
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RT-PCR using RNA isolated from growing cells. The fragments were then cloned into the XhoI-XbaI sites of the vector pTX-GFP (kindly deposited in the Dicty Stock Center by Tom Egelhoff 17 ). The construct RFP-GFP-Atg8 was generated using a GFP-Atg8 fragment RIPA buffer before use at 1:1,000 (Sigma, P8340).
TBST: 20 mM TRIS-HCl, pH 7.52, 150 mM NaCl, 0.05% Tween 20.
Plasmid constructs. The genes coding for Tkt-1 (DDB_G0272618) and PgkA (DDB_G0287595) were amplified by GFP antibody was from Sigma (G1544) and secondary antibody was from Santa Cruz (SC2030).
RIPA buffer: 50 mM TRIS-HCl, pH 8, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 2 mM EDTA. Protease inhibitor was added to 
(3) After 2 h add the same amount of NH 4 Cl and incubate an additional 2 h.
(4) Visualize the cells in vivo in the same plates using a LeicaTCS SP5 confocal microscope.
Technical Notes
(1) We have found differences in the expression levels of the marker between different strains (for example AX4 and DH1 in this study) and thus, the same background should be used when wildtype and mutant strains are compared.
(2) Similar results were obtained with another cytosolic marker, the glycolytic enzyme phosphoglycerate kinase (PgkA) fused with GFP as previously described in yeast.
(
3) The range of NH 4 Cl must include unsaturating and saturating concentrations giving rise to partial and complete suppression of autophagy, respectively. We have found that unsaturated concentrations between 100-150 mM NH 4 Cl give the maximum response, and 250 mM largely inhibits the accumulation of free GFP probably due to a complete suppression of lysosomal function, but the precise range must be optimized for each strain and condition. We recommend a preliminary assay with different concentrations in the range between 0-250 mM as shown in Figure 1 .
(4) Once in RIPA buffer, cells must be kept on ice, and cell lysis can be checked by light microscopy. At this point, cell extracts can be stored frozen (-70°C). To continue with the analysis allow cells to thaw on ice.
(5) Quantification is required to discern slight differences in autophagic flux. In this case, the experiment should be repeated at least three times to allow statistical analysis. Possible differences in the level of expression among strains can be calculated by densitometry of the centrifugation at 250 g for 5 min at room temperature and resuspend in 50 μl of RIPA buffer supplemented with protease inhibitors. Keep the cells on ice for a 15-30 min incubation to allow complete cell lysis (see technical note 4).
(6) Determine the amount of protein in the extracts by the Bradford method using BSA to generate the standard curve. Use 3-10 μg of protein for protein gel blot analysis. Complement with loading buffer, boil and separate using a standard 12% acrylamide SDS-PAGE gel.
(7) Transfer the gel to a PVDF membrane for western-blot analysis. Block the filter overnight at 4°C with TBST containing 1% skim-milk. Incubate for 3 h at room temperature with anti-GFP antibody diluted 1:4,000 in TBST containing 0.5% skim-milk with gentle shaking. Wash the filter twice for 10 min each with TBST containing 0.5% skim-milk and two more times with TBST. Incubate for 45 min with the secondary antibody diluted at 1:5,000 in TBST and wash three times for 10 min each with TBST.
(8) Reveal with ECL using the appropriate exposure time to avoid saturation of the signal.
(9) Quantify using the software ImageJ (http://rsbweb.nih.gov/ij/) to measure the relative amount of signal of the cleaved GFP and the complete GFP-Tkt-1 protein (see technical note 5).
RFP-GFP-Atg8 assay.
(1) Cells expressing RFP-GFP-Atg8 are grown exponentially in HL5 with the appropriate antibiotics (G418 and/or blasticidin).
(2) For each condition, harvest 10 6 cells by centrifugation at 250 g for 5 min at room temperature and wash once with 1 ml of HL5. After centrifugation at 250 g for 5 min, resuspend cells at 10 6 cells/ml in HL5 and deposit 500 μl on P35 plates (IBIDI). Add NH 4 Cl at the same concentration as described for the cleavage assay. Incubate for 2 h at 22°C. amplified by PCR from the vector pA15/ GFP-Apg8 (kindly deposited in Dicty Stock Center by Grant Otto). This fragment was then cloned in frame using a XhoI site at the C terminus of the RFP protein from the vector pTX-RFPmars (kindly deposited in the Dicty Stock Center by Clement Nizak).
Western blot and microscopy. The ECL detection kit was from GE HealthCare (RPN2209), and the protein gel blot membrane was from Pall Corporation (Biotrace PVDF; 66543).
Confocal microscopy was performed in a LeicaTCS SP5 using a PL APO 63X/1.4-0.6 objetive and LAS-AF (Leica Application Suite) software.
Methods
Cleavage assay. (1) Grow the different Dictyostelium strains transformed with the construct GFP-Tkt-1 in HL5 with G418 (10 μg/ml) and blasticidin (5 μg/ml) when appropriate (see technical notes 1 and 2).
(2) Grow cells to a density of approximately 1-2 x 10 6 in HL5. For each condition, harvest 10 6 cells by centrifugation at 250 g for 5 min at room temperature and wash once with 1 ml of PDF. After centrifugation at 250 g for 5 min, resuspend cells at 10 6 cells/ml in PDF (or HL5) and deposit 1 ml of cell suspension in each well of a 6-well plate.
(3) Add NH 4 Cl (from a 2 M stock solution in water) to reach different concentrations ranging from 0-250 mM (usually 0, 50 mM, 100 mM, 150 mM, 250 mM). Incubate for 2 h at 22°C (see technical note 3).
(4) After 2 h add the same amount of NH 4 Cl and further incubate during 2 additional h. This additional treatment increases the effect of the drug.
(5) After the incubation, resuspend the cells by pipetting, and transfer to 1.7 ml microcentrifuge tubes. Pellet by Figure 2 (See opposite page) . Use of NH 4 cl in confocal analysis using the rFP-GFP-Atg8 marker. Wild-type (Wt) and atg1 -mutant cells expressing the construct rFP-GFP-Atg8 (shown schematically at the top) were treated with 100 mM NH 4 cl or left untreated (0) and analyzed by confocal microscopy in vivo. atg1 -cells were used due to the presence of protein aggregates as previously described in reference 12. (Upper part) Wt cells showed the typical green/red punctate pattern. only a few cells showed red/not-green puncta (arrow) indicating the presence of basal autophagy. Under these conditions the treatment with NH 4 cl revealed the presence of a large number of cells with red/not-green puncta (arrows) confirming the presence of a rapid autophagic flux, which is only clearly detectable when autophagy is slowed down by nonsaturating concentrations of NH 4 cl. (Lower part) the atg1 -mutant under the same conditions. In this case, huge aggregates were detected as described previously, showing red-green fluorescence, while no red/not-green puncta could be observed under all conditions, indicating a block in autophagic flux.
GFP-Tkt-1 band in a preliminary protein gel blot analysis. These data can be used to adjust the amount of protein loaded in subsequent experiments.
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